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In Drosophila, central nervous system (CNS) formation starts with the delamination from the neuroectoderm of about 30
neuroblasts (NBs) per hemisegment. They give rise to approximately 350 neurons and 30 glial cells during embryonic
development. Understanding the mechanisms leading to cell fate speci®cation and differentiation in the CNS requires the
identi®cation of the NB lineages. The embryonic lineages derived from 17 NBs of the ventral part of the neuroectoderm
have previously been described (Bossing et al., 1996). Here we present 13 lineages derived from the dorsal part of the
neuroectoderm and we assign 12 of them to identi®ed NBs. Together, the 13 lineages comprise approximately 120 neurons
and 22 to 27 glial cells which we include in a systematic terminology. Therefore, NBs from the dorsal neuroectoderm
produce about 90% of the glial cells in the embryonic ventral ganglion. Two of the NBs give rise to glial progeny exclusively
(NB 6-4A, GP) and ®ve to glia as well as neurons (NBs 1-3, 2-5, 5-6, 6-4T, 7-4). These seven NBs are arranged as a group
in the most lateral region of the NB layer. The other lineages (NBs 2-4, 3-3, 3-5, 4-3, 4-4, 5-4, clone y) are composed
exclusively of neurons (interneurons, motoneurons, or both). Additionally, it has been possible to link the lateral cluster
of even-skipped expressing cells (EL) to the lineage of NB 3-3. Along with the previously described clones, the vast majority
(more than 90%) of cell lineages in the embryonic ventral nerve cord (thorax, abdomen) are now known. Moreover,
previously identi®ed neurons and most glial cells are now linked to certain lineages and, thus, to particular NBs. This
complete set of data provides a foundation for the interpretation of mutant phenotypes and for future investigations on
cell fate speci®cation and differentiation. q 1997 Academic Press
INTRODUCTION 1981; Goodman et al., 1984; Doe and Goodman, 1985). In
Drosophila about 30 NBs per hemisegment (thorax, abdo-
men) delaminate from the neuroectoderm. They can be indi-In insects, the complex three-dimensional structure of
vidually identi®ed according to their position in the neuralthe central nervous system (CNS) derives from a two dimen-
layer, genetic expression pattern, and time of delaminationsional epithelial sheet, called the neuroectoderm. Here,
(Doe, 1992; Broadus et al., 1995; Bossing et al., 1996).neural progenitors [neuroblasts (NBs); Wheeler, 1891, 1893]
Powerful genetic and molecular tools have favored Dro-are intermingled with other ectodermal progenitors such
sophila as a model organism in studying mechanisms ofas epidermoblasts or progenitors of the peripheral nervous
cell fate speci®cation. The genetic network controling NBsystem. Neurogenesis starts with the delamination of NBs
formation is well understood (e.g., reviewed in Campos-from the neuroectoderm as single cells, leading to an invari-
Ortega, 1993; Jan and Jan, 1994) but only recently has prog-ant subepidermal pattern (Bate, 1976; Bate and Grunewald,
ress been made in the understanding of mechanisms leading
to NB speci®cation (Chu-LaGraff and Doe, 1993; Skeath et
al., 1995; Bhat, 1996; Matsuzaki and Saigo, 1996; Skeath1 Present address: Wellcome/CRC Institute, Tennis Court Road,
and Doe, 1996; Parras et al., 1996).Cambridge CB2 1QR, UK.
Based on the detailed knowledge of the spatiotemporal2 To whom correspondence should be addressed. Fax: 49 6131
395845. E-mail: technau@mzdmza.zdv.uni-mainz.de. pattern of NBs in Drosophila (Hartenstein and Campos-
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FIG. 1. Fate map of the early gastrula embryo (left, lateral view, according to Technau and Campos-Ortega, 1985; right, half cross section).
The ventral and procephalic neurogenic regions (vNR and pNR) are colored gray. The majority of DiI labelings were performed in the
darkly shaded part of the vNR, i.e., in the dorsal part of segment anlagen T1 to A5. dEpi, dorsal epidermal anlage; MES, mesoderm; ML
midline progenitor; G, T, and A, gnathal, thoracic, and abdominal segments, respectively.
element insertions throughout the genome crossed to Mz 360 ¯iesOrtega, 1984; Hartenstein et al., 1987), the construction of
(eagle-Gal4; Dittrich et al., 1997). To enhance Gal4 activity, em-a NB map (Doe, 1992; Broadus et al., 1995), and the avail-
bryos were kept at 297C. Multiple P-element insertions were pro-ability of lineage tracers (e.g., DiI, HRP), it has been possible
duced by crossing UAS-tau-GFP ¯ies to TMS ¯ies (Lindsley andto identify the entire progeny of the CNS midline progeni-
Zimm, 1992) as source of transposase. Transposase activity wastors (Bossing and Technau, 1994) and of 17 NBs deriving
eliminated after ®ve generations.
from ventral parts of the neuroectoderm (Udolph et al.,
1993; Bossing et al., 1996).
Here, we present 13 cell lineages of NBs from the dorsal Labeling Procedure and in Vivo Identi®cation of
neuroectoderm, showing in particular that the vast majority the Neuroblasts
of glial cells (22 to 27 of about 30 per hemineuromere) derive
Individual neuroectodermal progenitors were labeled with DiI asfrom lateral NBs. The positions of the glial cells have been
described in detail elsewere (Bossing and Technau, 1994; Bossingcompared to previous descriptions (Ito et al., 1995) and were
et al., 1996), except that the capillary ®lled with the dye was placednamed accordingly. Using molecular markers we have been
between the neuroectodermal cells, rather than between the cellsable to link the well known lateral cluster of even-skipped
and the vitelline membrane. In most cases the capillary did not
expressing cells (EL; Patel et al., 1989) to a particular lineage penetrate the cell. Penetrated cells were distinguished by the in-
(NB 3-3). Furthermore, we present a new NB (NB 1-3) char- stantaneous staining of intracellular membranes and subsequently
acterized by morphological and molecular criteria and place excluded from the evaluation.
it into a schematic drawing of the NB layer. Along with the Cells of the dorsal half of the neuroectoderm (25 to 50% ventro-
dorsal perimeter, corresponding to a distance of 8±15 cell diameterspreviously published data on NB lineages (Bossing et al.,
from the ventral midline cells; Fig. 1) were labeled during embry-1996) and midline progeny (Bossing and Technau, 1994),
onic stage 7 (10 to 20 min after onset of gastrulation; embryonicthe vast majority (more than 90%) of cell lineages in the
stages according to Campos-Ortega and Hartenstein, 1985). Up toembryonic ventral nerve cord are now known. The clari®-
®ve individual cells were labeled in each embryo, with the majoritycation of NB cell lineages provides a foundation for investi-
of them in the T1 to A5 segment anlagen. In order to avoid spatialgations on cell fate speci®cation and differentiation. We
overlap between clones, labelings were performed at a distance of
discuss the principle developmental features of NB lineages at least one segment primordium. Labeled cells in T1 to A2 were
in light of these aspects and compare lineages derived from able to be traced in vivo using a ¯uorescein ®lter set and a 100-W
the dorsal part of the neuroectoderm to those derived from halogen lamp, which does not cause developmental aberrations
the ventral part. (Bossing et al., 1996). Due to germ band elongation, this was not
possible for cells posterior to A2.
The stages of NB delamination were determined according to
Doe (1992) and Bossing et al. (1996) (summarized in Table 4). NBsMATERIALS AND METHODS
were identi®ed in vivo at mid to late stage 11, using the invagi-
nating tracheal pits, parasegmental furrows, and the ventral mid-Fly Stocks
line as morphological markers (Fig. 2). Additional clues were the
time of segregation, the dorsoventral position of the NB in theThe labelings were performed in wild-type Oregon R embryos
(more than 80%) or embryos heterozygous for repo2 showing glia- neural cell layer, the spatial arrangement and number of daughter
cells, and the spatial relationships among the NBs.speci®c lacZ expression (Karpen and Spradling, 1992; Halter et al.,
1995; balanced over TM3 hb-lacZ). Clones obtained in the latter The embryos were allowed to develop to stage 17 and were then
inspected in vivo using a rhodamine ®lter set and a 50-W Hg lamp.embryos were morphologically indistinguishable from wild-type
clones. For purposes of confocal microscopy, we used embryos of This allows the different clonal types in the living embryo to be
uniquely identi®ed. To obtain a detailed morphological description ofUAS-tau-GFP ¯ies (kindly provided by A. Brand) with multiple P-
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TABLE 1
Nomenclature of Neurons
1. Symbol ``X-X'' Parent NB, from which the clone derived
2. Symbol ``M'' vs ``I'' Motoneuron versus interneuron
3. Symbol ``i'' vs ``c'' Ipsilateral versus contralateral axonal projection
4. Symbol ``a'' vs ``p'' Anterior versus posterior commissure
5. Symbol ``s'' vs ``ar'' vs ``pr'' Motoneuronal projection extending along the segmental nerve (s), or the anterior (ar)
or posterior root (pr) of the intersegmental nerve
6. Symbol numbers Neurons distinguishable by further criteria
Note. The nomenclature is according to Bossing et al. (1996) and is described there in detail. Use of symbols is kept to a minimum,
e.g., if a clone is only composed of interneurons projecting contralaterally across the same commissure, they are simply referred to as ``x-
xI,'' without speci®cation of the commissure concerned.
the DiI-labeled clones, many of them have been photoconverted. This on the coverslip were coated with phosphate-buffered saline
(PBS: 130 mM NaCl, 7 mM Na2HPO4, 3 mM NaH2PO4 , pH 7.2)results in permanent preparations with high structural resolution.
and then prepared as described in Bossing et al. (1996). Following
this, they were ®xed for 7 to 8 min in formaldehyde (37%):PBS
Photoconversion of DiI 2:9 and then washed ®ve times with PBS. Thereafter, they were
individually transferred to a new coverslip, bearing a frame
Photoconversions of whole mount preparations were per- made of sticky-backed plastic, ®lled with PBS. They were
formed as described elsewhere (Bossing and Technau, 1994). The slightly pressed to the glass, where they adhered. Best adhesion
method of photoconverting ¯at preparations has been modi®ed was obtained on untreated coverslips. The embryos were then
from the one described in Bossing et al. (1996). The oil, covering incubated in 100% calf serum for 12 hour. Afterward, most of thethe embryos which were mounted on a glue-coated coverslip, calf serum was replaced by DABT (2 to 3 mg diaminobenzidine/
was washed away, using n-heptane. Afterward, all the embryos ml Tris±HCl, pH 7.4) and the embryos were irradiated using a
rhodamine ®lter set, a 100-W Hg lamp, and a 50X oil-immersion
objective. After 5 to 15 min of irradiation, the DAB was photoox-
idated and the previously ¯uorescent cells and their processes
TABLE 2 were now surrounded by a brown precipitate. Since prolonged
incubation in DAB results in increased background staining,Nomenclature of Glial Cells
embryos were processed individually under optic control.
Glial subtype Individual cells The DABT was washed away with PBS and the embryos ®xed
again in formaldehyde/PBS for 15 min. They were then removed
SPG (subperineurial glia) MD-SPG Medial dorsal SPG from the coverslip and mounted in 70% glycerol in PBS. Alterna-
LD-SPG Lateral dorsal SPG tively, they were not ®xed a second time but subjected to immuno-
DL-SPG Dorsal lateral SPG cytochemistry.
VL-SPG Ventral lateral SPG
LV-SPG Lateral ventral SPG
MV-SPG Medial ventral SPG
Immunocytochemistry of Photoconverted FlatCG (channel glia) D-CG Dorsal CG
PreparationsV-CG Ventral CG
CBG (cell body glia) MM-CBG Medialmost CBG
Antibody stainings of ¯at preparations with anti-even-skipped(VUM support cell)
(anti-eve; kindly provided by M. Frasch), anti-gooseberry-proximalM-CBG Medial CBG
(anti-gsbp; kindly provided by R. Holmgren), and anti-repo (Halter etVL-CBG Ventral lateral CBG
al., 1995) antibodies were performed as described in Bossing et al.L-CBG Lateral CBG
(1996). Secondary antibodies were biotin-conjugated (polyclonal goatISNG (intersegmental M-ISNG Medial ISNG (segment
anti-rabbit or goat anti-rat; Dianova) and detected using Vectastainnerve root glia) boundary cell)
Elite ABC or coupled to alkaline phosphatase (polyclonal goat anti-L-ISNG Lateral ISNG
rabbit or goat anti-rat (F(ab*)2 fragment)).SNG (segmental nerve M-SNG Medial SNG
Heterozygous repo2 embryos carrying a blue balancer chromo-root glia) L-SNG Lateral SNG
some (TM3 hb-lacZ) were stained for b-galactosidase expression.IG [interface glia D-IG Dorsal IG
Photoconverted ¯at preparations were incubated for 2 hr at 377C(longitudinal glia)] L-IG Lateral IG
or overnight at room temperature in X-Gal staining solution [oneV-IG Ventral IG
part 20% X-Gal in DMSO (dimethyl sulfoxide) and 99 parts of warmPG (peripheral glia)
(657C) solution of 3.3 mM K3(FeCN6), 4.2 mM K4(FeCN6), and 1
mM MgCl2 in PBS, pH 6.5]. Alternatively, they were stained forNote. Only the nomenclature for the glial cells identi®ed in this
work is shown. The complete glial nomenclature is described in b-galactosidase expression with anti-b-Gal antibody, as described
elsewhere (Schmidt-Ott and Technau, 1992).detail in Ito et al. (1995). Former names of some of the glial cells
(e.g., Goodman and Doe, 1993) are included in parentheses. Embryos were ®xed and mounted as described above.
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FIG. 2. Semischematic drawing of the arrangement and typical morphologies of the NBs as observed in vivo around late stage 11
(according to Bossing et al., 1996). The NBs derived from the dorsal part of the neuroectoderm are outlined in bold. The others are described
in Bossing et al. (1996). A ventral view is shown, anterior is to the top, lateral to the right. To underline the often observed variabilities
in shape and location of particular NBs (e.g., GP, NB 6-4) and to take tagma-speci®c differences into account the two hemisegments of
T3 and A1 are drawn. Glial progenitors NB 6-4A (A, abdominal) and GP divide almost symmetrically (6-4a, 6-4b; GPa, GPb). The newly
discovered NB 1-3 is introduced into the map. Color code marks different types of progeny (e.g. motoneurons, interneurons, glia) as
indicated. Since no lineage is assigned to NBs 2-3, 3-4, and 5-5, they are colored gray.
with anti-eve antibody (kindly provided by M. Frasch) and goat anti-Immunocytochemistry of Whole Mount Embryos
rabbit rhodamine coupled (Jackson) as secondary antibody.
To identify NB 1-3 and its progeny (Figs. 2 and 4) we doubleAntibody stainings of whole mount embryos were performed as
stained embryos of 5953 (huckebein-lacZ; kindly provided bydescribed in Halter et al. (1995).
C. Q. Doe) with anti-b-Gal (monoclonal mouse) and anti-repoFor the purposes of confocal microscopy, whole mount embryos of
UAS-tau-GFP ¯ies crossed to Mz 360 (eagle-Gal4) ¯ies were stained (polyclonal rabbit) antibodies. As secondary antibodies we used
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TABLE 3
Assignment of the Clonal Types to Individual NBs
Clone/NB 1-3 2-3 2-4 2-5 3-3 3-4 3-5 4-3 4-4 5-4 5-5 5-6 6-4 7-4 GP R
1-3 3 100%
2-3 3 1
2-4 6 2 4 50%
2-5 1 27 1 1 90%
3-3 2 7 1 70%
3-4 1 1 1 1 2
3-5 1 1 22 4 79%
4-3 6 5 55%
4-4 2 1 1 12 71%
5-4 3 11 2 69%
5-5
5-6 1 1 8 80%
6-4 13 100%
7-4 1 11 92%
GP 4 1 5 50%
F 33% 43% 84% 44% 88% 55% 100% 69% 53% 87% 100% 100%
Note. Columns show the different clonal types named according to their ®nal assignment. Rows show how frequently a particular
clonal type was assigned to the respective NB during the in vivo tracing. Shaded boxes show the lineage obtained with highest frequency
for each NB (for NB 1-3 see text). R, reliability of NB identi®cation (percentage of lineage type obtained most frequently from diagnosed
NB identity). F, frequency of correlation of lineage type with the assigned NB identity. For NBs 2-3, 3-4, 5-5 see text.
biotin-conjugated goat anti-mouse, ¯uoresceine-coupled goat derm, ranging from approx. 10 to 15 cell diameters with
anti-rabbit phosphatase or goat anti-mouse, and rhodamine-cou- respect to the ventral midline cells. In order to distinguish
pled goat anti-rabbit. them from the previously described ventral neuroectoder-
mal (vNE) NBs, they will subsequently be refered to as the
dorsal neuroectodermal (dNE) NBs.Note on Figures
Neurons are named according to Bossing et al. (1996)
Preparations in Figs. 3A, 4A, 5A, and 5B were documented with (summarized in Table 1) and glial cells according to Ito et
a video camera (Kontron Progress 3012). Different focal planes were al. (1995) (summarized in Table 2).
combined by using Photoshop 3.0 (Adobe). Drawings in Figs. 1, 2,
3B, 4B, and 5C were made by using Illustrator 6.0 (Adobe). Confocal
micrographs were made on a Leica TCS4D. Identi®cation of NBs in Vivo
A basic requirement for assigning cell lineages to their
RESULTS AND DISCUSSION progenitors was the identi®cation of the labeled NB in the
living embryo. For that purpose the above-mentioned crite-
ria (see Materials and Methods; Fig. 2) have been used. De-In Drosophila, neurogenesis starts with the delamination
of a stereotype population of NBs from the neuroectoderm spite these multiple criteria we have not been able to iden-
tify NBs with absolute certainty. Due to intense prolifera-during embryonic stages 8 to 11 (staging according to
Campos-Ortega and Hartenstein, 1985). For the neuroecto- tion in the neural layer, unlabeled NBs are sometimes
obscured. Thus, it is dif®cult to determine the exact posi-derm which gives rise to the ventral nerve cord, the period
of delamination has been divided into ®ve intervals (S1± tion of the labeled NB in the pattern of unlabeled ones.
Furthermore, movements of NBs can lead to positionalS5; Doe, 1992). The S1 to S3 NBs form three longitudinal
columns and have been previously referred to as medial, changes of NBs (see also Bossing et al., 1996) and the late
delaminating NBs (S4 and S5) often disturb the pattern. Fi-intermediate, and lateral NBs (Hartenstein and Campos-
Ortega, 1984). Subsequently, the S4 and S5 NBs become nally, times of delamination are variable to a certain degree.
Although in general NBs delaminate during a particularinterspersed between the existing columns of NBs. The me-
dial and intermediate NBs have been the topic of previous wave of segregation (S1±S5; Doe, 1992), some variability
was found (Table 4 and below), con®rming the observationswork (Bossing et al., 1996). They derive from more ventral
parts of the neuroectoderm, ranging from approx. 1 to 12 made for the vNE NBs (Bossing et al., 1996).
The reliability of in vivo identi®cation of NBs is re¯ectedcell diameters from the ventral midline cells. The NBs in-
vestigated here derive from dorsal parts of the neuroecto- by the frequency with which a particular lineage was ob-
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TABLE 4 the low frequency with which this clone was obtained. For
Time of Delamination for Individual NBs Observed in Vivo the missing lineages, we have no explanation, because in
the two-dimensional layer of the neuroectoderm the proba-
S/NB S1 S1/2 S2 S2/3 S3 S3/4 S4 S4/5 S5 bility of being labeled should be equal for all progenitors.
One possibility might be that the labeling procedure some-2-5 27 2
how interferes with the normal development of these NBs.3-5 17 1
But since no developmental aberrations have been observed5-6 13 2 1 1
7-4 8 for the other NBs, this is very unlikely.
6-4 3 1 7 2 A new NB (NB 1-3) was identi®ed. It is located at the
GP 1 1 segment border close to the tracheal pit (Fig. 2) and pro-
1-3 1 1 duces neurons and glial cells. We assign this NB to row
2-4 1 2 5 2 1 rather than row 7 because its neuronal progeny are lo-
3-3 1 1 3 2 2 1 cated in the anterior region of the neuromere and project
4-4 4 3 2 1
through the anterior commissure (Figs. 4A and 4B). Its5-4 2 5 3 2
closest neighbor is the previously known glial precursor2-3
(GP), which gives rise to the longitudinal glia (Jacobs et3-4
al., 1989) and therefore cannot be identical with NB 1-3.4-3 2 2 2 1
5-5 Thus, NB 1-3 is characterized by a typical position in the
NB layer. This was con®rmed by double staining early
Note. For the assignment of the NBs to the ®ve waves of segrega- stage 11 embryos of a huckebein (hkb)-lacZ line (5953;
tion (S1±S5; Doe, 1992) the ®rst division of the ventral midline Broadus et al., 1995) with anti-b-Gal and anti-repo anti-
cells (about 40 min after the onset of gastrulation) was taken as an
bodies. A supplemental hkb-lacZ-positive progenitor wasinternal time reference. Times at which delamination most fre-
able to be detected in the position of NB 1-3, predictedquently occured are highlighted by shading. The following assign-
from the in vivo tracings (Fig. 4Ai)). Furthermore, on aver-ment corresponds to Doe (1992) and Bossing et al. (1996).
age two peripheral glial cells (PG) per hemisegment ex-
Complete delamination of press hkb-lacZ (Fig. 4Aii)). Since the other progenitor that
Segregation NB [min after division of Embryonic was found to produce PG (NB 2-5; Table 5) never expresses
wave ventral midline cells] stage
hkb-lacZ, it is likely that these cells are progeny of NB
1-3. A glioblast located more lateral from the GP has beenS1 30 8/9
S2 30±60 9/early 10 described by Jones et al. (1995). It was called a peripheral
S3 60±100 10 glioblast as it gives rise to peripheral and exit glia. These
S4 100 to beginning of stage 11 10/early 11 glial cells probably correspond to the glial progeny of NB
S5 later 11/late 11 1-3. In this case the peripheral glioblast would be part of
the NB 1-3 lineage.
Embryonic Lineages of the dNE NBstained for a certain diagnosis. The reliability varies between
50 and 100% (R in Table 3). Furthermore, the frequency of For clarity the data are presented only as tables, photo-
graphs, and schematic drawings with extended descriptioncorrelation of lineage type with the assigned NB identity
was considered (F in Table 3). The frequency value F varies (Figs. 2±5; Tables 1±5).
between 33 and 100%. Thus, some NBs can be more easily
identi®ed than others, e.g., as a consequence of a character-
Assignment of the Lateral Cluster of even-skippedistic position near morphological markers. Additionally,
Expressing Cells to the NB 3-3 Lineagewhenever possible, the NB diagnosis was con®rmed with
antibody stainings and comparisons of our results with pre- Higashijima et al. (1996) provided ®rst evidence that the
neurons in the lateral cluster of even-skipped (eve) express-vious data. For example, the cell lineage assigned to NB 5-6
was able to be double stained with anti-gooseberry proximal ing cells (EL neurons; Patel et al., 1989) are progeny of NB
2-4 or NB 3-3. By double staining photoconverted clonesantibody (Buenzow and Holmgren, 1995) (Fig. 3A) and the
longitudinal glia was linked to the glial precursor (Jacobs et with anti-eve antibody (data not shown), we found that they
belong to the lineage assigned to NB 3-3 (R  70%; F al., 1989). Thus, although the above-mentioned criteria do
not allow an unambiguous identi®cation of NBs in vivo, 44%; Table 3). According to Higashijima et al. (1996) and
our own data, the only other candidate NB could have beenthe amount of data obtained made it possible to link each
type of lineage, except for one (clone y), to a particular NB NB 2-4. Since the progeny of NBs 2-4 and 3-3 express eagle
(Higashijima et al., 1996; Dittrich et al., 1997), embryos ofin the map.
For NBs X, 2-3, 3-4, and 5-5, we have not been able to UAS-tau-GFP ¯ies crossed to Mz 360 (eagle-Gal4) ¯ies have
been double stained with a rhodamine-coupled anti-eve an-identify their progeny nor has it been possible to link clone
y to one of these remaining progenitors. This was due to tibody to con®rm the assignment. Confocal microscopy re-
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FIG. 3. Photographs (A) and drawings (B) of late embryonic cell lineages derived from S1 NBs in a dorsal view. Anterior is to the left.
For nomenclature of neurons and glial cells see Tables 1 and 2. In (B) the cortex region of the ventral nerve cord is gray, the neuropile is
white, and the medial dorsoventral channels, which mark the neuromere boundaries, are shown as light ovals. Clusters of neuronal cell
bodies are red and their ®ber projections dark gray; ®bers which could be linked to individually identi®able cell bodies (light red, e.g., 5-
3Ica1) are marked red. Glial cells are shown in green colors indicating their dorsoventral positions (blue-green, dorsal; dark green, mediodor-
sal; medium green, medioventral; light green, ventral; dark blue±green, peripheral glia, PG). NB 2-5. The lineage consists of 13 to 18
neurons in the dorsal and dorsolateral cortex, projecting contralaterally across the anterior commissure and ipsilaterally. The 2-5Ic1 neuron
was shifted medially in all cases. The interneuronal projections can extend more than one segment anteriorly. At least one neuron is a
motoneuron (2-5M), projecting through the posterior root of the intersegmental nerve. Endplates have not been detected at late stage 17.
In addition, the clone contains two peripheral glial cells (PG). NB 3-5. The clone contains 19 to 24 interneurons in the dorsal and
dorsolateral cortex, projecting contralaterally across the anterior commissure and ipsilaterally. Both projections can extend further than
one segment. NB 5-3. The lineage has been described in Bossing et al. (1996). Since a previously undescribed motoprojection (5-3M) has
been observed, it is shown here again. The motoprojection traverses the segmental nerve. Endplates have not been detected. NB 5-6T.
The thoracic lineage is composed of 10 to 14 interneurons in the dorsal and dorsolateral cortex, projecting contralaterally and ipsilaterally.
Additionally, 3 to 5 glial cells are present. The two V-SPGs and the L-SPG have been observed in all cases (consistent glial elements; see
text, Glial Cells), while the CBG and the D-SPG have not always been present (variable glial elements). The lineage was able to be double
stained with anti-gooseberry proximal (anti-gsb-p) antibody. NB 5-6A. The abdominal lineage contains three to ®ve interneurons. Consistent
glial cells are the V-SPG (MV- or LV-SPG) and the L-SPG, whereas the others are variable. NB 7-4. The clone consists of 8 to 12 interneurons
in the dorsolateral cortex, projecting contralaterally across the posterior commissure. The two CGs and the L-SPG are consistent glial
elements, while the others are variable.
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vealed that the lineage including the EL neurons resembles be due to the previous division of their progenitors in the
ectoderm.the shape and size of the lineage assigned to NB 3-3 and it
was found most posteriorly within the NB 2-4/3-3 derived For NBs 4-3 and 4-4, in addition to the epidermal sister
clone, a sensory one was also observed in many cases.neuronal cell cluster (Fig. 5A). Since there is a direct correla-
tion between the anterior±posterior position of the NB in Therefore, the progenitor remaining in the ectoderm can
again participate in the cell communication process, decid-the neural layer and the anterior±posterior position of the
lineage in the late embryonic neuromere (Bossing et al., ing on a neural or epidermal fate. Moreover, these ®ndings
indicate a spatial overlap between proneural clusters giving1996; see below under Spatial Relationships) and because
only the progeny of NBs 2-4, 3-3, 6-4, and 7-3 express eagle rise to CNS and PNS progenitors, in at least two cases.
Consistent with this, sensory organ structures have often(Higashijima et al., 1996; Dittrich et al., 1997) this is strong
support for our assignment. been obtained from labelings in the dorsal part of the neu-
roectoderm (data not shown). Following neuroectodermalThe number of EL neurons in the NB 3-3 lineage is higher
in abdominal segments (9 cells on average) than in thoracic division, NBs 4-3 and 4-4 delaminated and subsequently,
the sister cell proliferated again in the ectoderm, giving risesegments (5 cells on average), although the total number of
cells in the lineage does not differ between segments. to the epidermal and sensory subclone in late embryos (Fig.
5Ci). Given a spatial overlap of proneural clusters de®ning
CNS and PNS progenitors, the speci®cation of the type of
neural progenitor should be time dependent. Thus, ®rst NBsProliferation Pattern
4-3 and 4-4 are formed and later on, but in the same neuroec-
todermal area, a PNS progenitor is singled out.As deduced from the number of progeny, the vNE NBs
showed signi®cant differences in their mitotic activity Following delamination, NBs divide asymmetrically in a
stem cell mode, generating smaller progeny called ganglion(Bossing et al., 1996). The data presented here con®rm these
®ndings (for numbers of progeny see Table 5), supporting mother cells (GMCs). Subsequently, GMCs divide once
symmetrically, giving rise to neurons or glial cells (Bauer,the point of view that speci®cation of an NB also includes
the de®nition of its proliferation pattern. As a general rule, 1904; Hartenstein et al., 1987). Although otherwise behav-
ing like a NB, MP2 divides only once symmetrically, givingNBs delaminating earlier have a higher number of neural
progeny than those delaminating later. In total, the lineages rise to two neurons (Thomas et al., 1984; Spana and Doe,
1995; Bossing et al., 1996). In this respect it is comparableof NBs segregating during S1 and S2 are composed of 10 to
more than 20 cells and those of NBs delaminating during to the midline progenitors and therefore is an exception to
the above-mentioned pattern of division (KlaÈmbt et al.,S3 to S5 are composed of 2 to 13 cells. The only exception
is the abdominal lineage of S1 NB 5-6, which is only com- 1991; Bossing and Technau, 1994; Bossing et al., 1996). As
far as morphological criteria are concerned, we observedposed of 7 to 11 cells. Interestingly, variabilities in the time
of segregation of a NB had no obvious in¯uence on the symmetric divisions for two other NBs: the GP and the
abdominal NB 6-4. Thus, in total there are three NBs deviat-number of its progeny (see below under Variabilities).
For six NBs (NBs 1-3, 2-4, 3-3, 4-3, 4-4, 5-4), the neuroec- ing from the stem cell mode of division. Interestingly, two
of them are glioblasts (GP and NB 6-4A). For the neurogli-todermal progenitor in all observed cases proliferated in the
ectoderm (Fig. 2; Table 5). Subsequently, only one of the oblasts (e.g., NBs 5-6, 6-4T), the exact proliferation pattern
is currently unknown. Initially, they may divide into a gli-daughter cells delaminated as a NB. This is consistent with
the view that within a proneural cluster, only one cell is oblast and a NB or otherwise produce GMCs that subse-
quently give rise to neurons and/or glial cells.singled out as a neural progenitor (e.g., reviewed in Campos-
Ortega, 1993). For NB 6-4 a neuroectodermal division prior
to delamination was observed in some, but not all, cases.
Distribution of Neural Cell TypesThus, neuroectodermal divisions are obligatory for some
progenitors and optional for others (at least NB 6-4). For the In late embryos, three of the dNE lineages (NBs 3-3, 3-5,
4-4) have interneuronal projections exclusively; two seemlineage without assignment to a particular NB (clone y),
the number of cases is too small to conclude whether a to be entirely composed of motoneurons (NBs 5-4, 4-3), and
two (NB 2-4, clone y) have interneuronal as well as moto-neuroectodermal division is obligatory or optional. To-
gether with the results for the vNE NBs (Bossing et al., neuronal ®bers. Five NBs are neuroglioblasts, giving rise
to interneuronal and glial progeny (NBs 5-6, 7-4, 6-4T), or1996), this suggests that neuroectodermal progenitors par-
ticipate in the normal ectodermal division pattern (Foe, interneuronal, motoneuronal, and glial progeny (NB 2-5, NB
1-3). Two lineages are entirely composed of glial cells (GP;1989) prior to the delamination of the NB. Therefore, pro-
genitors developing as S1 and S2 NBs never proliferate in NB 6-4A) (see Fig. 2; Table 5).
Due to cell clustering and fasciculation of neuronal ®bersthe neuroectoderm, those giving rise to S3 NBs can undergo
neuroectodermal division, and those giving rise to later de- it has not been possible to link each projection to a particu-
lar neuron. Furthermore, some fascicles appear rather thinlaminating NBs always divide in the neuroectoderm. More-
over, the generally smaller sizes (Fig. 2) and the smaller with respect to the number of neurons in the clone. There-
fore, it is likely that some of the neurons still lack ®bersnumber of neural progeny of late delaminating NBs may
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and start differentiation only postembryonically. Addition- position has been compared to those described in Ito et al.
(1995) and they were named accordingly. The two SNGsally, in some cases presumptive motoneuronal ®bers have
not been able to be traced to their target muscles, suggesting have not been able to be distinguished from one another.
Neither was it possible to distinguish between the L- andthat they are still in a rather early stage of differentiation.
Consistent with this, a large increase in axonal and den- VL-cell body glia (CBG), nor between the two lateral subpe-
rineurial glia (VL- and DL-SPG). Despite these identi®cationdritic sprouting has been observed between early stage 17
and the onset of hatching movements in late stage 17 (data problems, variability in the glial composition of some lin-
eages has been found, whereas for other glial cells the lin-not shown).
On average, 120 neurons and 22 to 27 CNS glial cells per eages were invariant. Therefore, we distinguished consis-
tent and variable glial elements in the lineages. In additionhemineuromere derive from dNE NBs. Together with the
progeny of the vNE NBs (Bossing et al., 1996), a hemineu- to the consistent cells, typically two or more of the variable
cells were present (Table 5).romere (thorax, abdomen) is composed of approximately
350 neurons and 25 to 30 glial cells. In addition, the midline According to Ito et al. (1995) there are seven or eight
interface glial cells (IG) per hemineuromere. Based on theregion of the late embryonic ventral nerve cord is composed
of approximately 16 neurons and 4 glial cells per neuromere, expression of molecular markers (ftz-lacZ; prospero) six lon-
gitudinal glial cells have been previously reported to be pro-which derive from the mesectodermal midline progenitors
(Bossing and Technau, 1994). Thus, the majority of glial duced by the GP (Jacobs et al., 1989; Doe et al., 1991) and
were regarded as a subset of the IG (Ito et al., 1995). Incells derive from dNE NBs. The total number of glial cells
corresponds to previous results (Ito et al., 1995). Further- contrast, the DiI labeling revealed that the lineage of the
GP consisted of seven to nine cells. Thus, the complete IGmore, we found 6 to 9 peripheral glial cells in the dNE NB
lineages lying on the segmental nerve. Among those are the appears to derive from the GP and is identical with the
longitudinal glia at the end of embryogenesis. Conse-exit glial cells (KlaÈmbt and Goodman, 1991) which become
a subpopulation of the peripheral glia at late embryonic quently, prospero is not expressed by the entire GP lineage.
For the dorsal (D)-SPGs, a particular clone (NB 1-3, 5-6,stages.
or 7-4 lineage) can contain either the MD- or the LD-SPG.
This is also true for the ventral (V)-SPGs in abdominal neu-
Glial Cells romeres, where the abdominal lineage of NB 1-1 sometimes
contains the MV-SPG and sometimes the LV-SPG (G.The distribution and classi®cation of the approximately
30 glial cells per hemineuromere has been described in de- Udolph and T. Bossing, unpublished results). In each case
the other V-SPG derives from NB 5-6A. For the lateraltail elsewhere (Ito et al., 1995), but to date only the longitu-
dinal glia (Jacobs et al., 1989), three subperineurial glial cells (L-)-SPGs (progeny of NBs 5-6 and 7-4), we expect an analo-
gous situation, although it has not been possible to deter-(SPGs; Udolph et al., 1993; Bossing et al., 1996), and the
midline glia (KlaÈmbt et al., 1991; Bossing and Technau, mine their relative positions in the clones with absolute
certainty. In addition, among the progeny of NB 7-4 are1994) have been linked to particular progenitors.
Here, except for the M-channel glia (CG; for nomencla- either two dorsal, or two ventral or one dorsal and one ven-
tral CG. Previously, extensive glial migrations have beenture see Ito et al. (1995) and Table 2) and perhaps one of the
segmental nerve root glia (SNG), it has been possible to link reported (Jacobs et al., 1989; Auld et al., 1995; Halter et al.,
1995; Ito et al., 1995). For instance, due to the lateral posi-all previously described glial cells to a particular progenitor
(Table 5). Glial cells have been identi®ed according to their tions of their progenitors, the CGs (NB 7-4) and IGs (GP)
migrate medially to reach their ®nal locations near the mid-morphology and/or by the expression of glial-speci®c mark-
ers (staining with anti-repo antibody in wild-type and with line. Since SPGs are located at some distance from the other
cells in their lineage, they also require cell migration toX-Gal in heterozygous repo2 embryos). Subsequently, their
FIG. 4. Photographs (A) and drawings (B) of late embryonic cell lineages derived from S3 NBs in a dorsal view. Anterior is to the left,
except for (4Ai)), where anterior is up. For nomenclature of neurons and glial cells see Tables 1 and 2. For color code in (B) see legend to
Fig. 3. NB 1-3. The lineage consists of two to three neurons in the dorsolateral cortex. The motoprojections extend contralaterally across
the anterior commissure, to leave the nerve cord through the segmental nerve (1-3Ms) and the anterior root of the intersegmental nerve
(1-3Mar). The latter one has endplate-like structures on a muscle of the ventral oblique (VO) group (probably VO1, nomenclature of
somatic muscles according to Bate, 1993). For the other one, endplates have not been detected. Additonally, the lineage contains 7 to 10
glial cells. The PG and ISNG have been observed in all cases (consistent glial elements; see Glial Cells). (Ai)) In mid to late stage 11
embryos NB 1-3 lies slightly lateral and anterior to NB 2-5 and expresses huckebein-lacZ (brown). The GP and glial progeny cells of NB
7-4 express repo (black) at this stage. Anterior is to the top; ML, midline; TP, tracheal pit. (Aii)) Two to three peripheral glial cells (PG,
yellow, white arrowheads) per hemisegment express huckebein (green) and repo (red) in late stage 16 embryos. NB 6-4T. The thoracic
lineage contains four to six neurons in the dorsolateral cortex, projecting ipsilaterally and contralaterally across the posterior commissure.
In all cases observed, two MM-CBG and the M-CBG have been present. NB 6-4A. The abdominal clone is entirely glial. Both glial cells
have been observed in all cases. GP. The GP lineage is composed of seven to nine longitudinal or interface glial cells (IG).
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TABLE 5
Composition of the Lineages
Glial cells
Epidermal PNS
NB Neurons Consistent Variable subclone subclone n D (cell-é)
2-5 Fig. 3 13 to 18 neurons 2 PG Ð Ð Ð (59) 33 13 to 15
in dorsal and
dorsolateral
cortex (2-5Ic, 2-
5Ii, 2-5M); 1
neuron
dorsomedial (2-
5Ic1)
3-5 Fig. 3 19 to 24 neurons Ð Ð Ð Ð (43) 27 13 to 15
in dorsal and
dorsolateral
cortex (3-5Ic, 3-
5Ii)
5-6T Fig. 3 10 to 14 neurons 2 V-SPG; 1 L-SPG 1 D-SPG; 1 CBG Ð Ð (20) 14 13 to 15
in dorsal and (VL- or DL-SPG)
dorsolateral
cortex (5-6Ica,
5-6Icp, 5-6Ii)
5-6A Fig. 3 3 to 5 neurons in 1 V-SPG (MV- or LV- 1 D-SPG; 1 CBG; Ð Ð (18) 13 13 to 15
dorsal and SPG); 1 L-SPG (VL- 1 SNG or
dorsolateral or DL-SPG) ISNG
cortex (5-6Ica,
5-6Icp, 5-6Ii)
7-4 Fig. 3 8 to 12 neurons 2CG (D-CG and/or 1 to 2 CBG; 1 Ð Ð (20) 13 12 to 14
in dorsolateral V-CG); 1 L-SPG SNG; 1 D-SPG
cortex (7-4Ic, 7- (VL- or DL-SPG)
4Ii)
6-4T Fig. 4 4 to 6 neurons in 2 MM-CBG, 1 M- Ð Optional 4 Ð (22) 17 11 to 13
dorsolateral CBG to 6 cells
cortex (6-4Ic; 6-
4Ii)
6-4A Fig. 4 Ð 2 CBG (MM-CBG, M- Ð Optional 4 Ð (11) 9 11 to 13
CBG) to 6 cells
GP Fig. 4 Ð 7 to 9 IG Ð Ð Ð (9) 5 10 to 17
1-3 Fig. 4 2 to 3 neurons in 4 to 6 PG; 1 to 2 1 SNG; 1 to 2 D- Obligatory 3 Ð (28) 25 11 to 15
dorsolateral ISNG SPG; 1 to 2 to 5 cells
cortex (1-3Mar, CBG
1-3Ms, 1-3I)
2-4T Fig. 5 8 to 12 neurons Ð Ð Obligatory 3 Ð (19) 16 10 to 12
in dorsal cortex to 5 cells
(2-4M; 2-
4M1/2; 2-4I)
2-4A Fig. 5 7 to 8 neurons in Ð Ð Obligatory 4 Ð (8) 8 10 to 12
dorsal cortex (2- to 6 cells
4M; 2-4M1/2
2-4I)
3-3 Fig. 5 10 to 13 neurons Ð Ð Obligatory 4 Ð (39) 31 12 to 14
in ventrolateral to 6 cells
cortex (3-3Ic, 3-
3Ii); includes
the EL
4-4 Fig. 5 8 to 11 neurons Ð Ð Obligatory 4 In 18 cases (23) 15 10 to 12
in ventromedial to 5 cells
cortex (4-4I)
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TABLE 5ÐContinued
Glial cells
Epidermal PNS
NB Neurons Consistent Variable subclone subclone n D (cell-é)
5-4T Fig. 5 5 to 9 neurons in Ð Ð Obligatory 4 Ð (15) 8 10 to 12
dorsolateral to 5 cells
cortex (5-4M),
1 neuron
dorsomedial
(5-4M1)
5-4A Fig. 5 3 to 4 neurons in Ð Ð Obligatory Ð (15) 8 10 to 12
dorsolateral
cortex (5-4M),
1 neuron
dorsomedial
(5-4M1)
4-3 Fig. 5 8 to 13 neurons Ð Ð Obligatory 4 In 9 cases (15) 9 10 to 12
in ventrolateral to 7 cells
to dorsolateral
cortex (4-3M)
y Fig. 5 6 to 9 neurons in Ð Ð 4 to 5 cells Ð (4) 4 9 to 12
dorsolateral
cortex (yIc, yIi,
yM)
Note. The lineages are listed according to the times of NB delamination (see Table 4). The nomenclature of neurons is according to
Bossing et al. (1996); that of glial cells to Ito et al. (1995) (see also Tables 1 and 2 and text). In all lineages with variable glial cells typically
more than one of these cells was present (see text). D, distance of the neuroectodermal progenitor in cell diameters from the ventral
midline cells; the counting error has been estimated to be { one cell. n, in parentheses is the total number of observations, without
parentheses is the number of observations used for cell number data. A or T, abdominal or thoracic.
reach their de®nitive positions. It is likely that in the course The vast majority of glial cells arise from NBs derived
from most dorsal parts of the neuroectoderm (ranging fromof these migrations, the relative positions of the SPGs and
CGs are determined by cell communication. 11 to 15 cell diameters from the ventral midline cells; Table
5). Except for NB 3-5 and probably NB 3-4, all lateralmost
NBs in each row (NBs 1-3, 2-5, 5-6, 6-4, 7-4, and GP) haveSpatial Relationships
glial cells among their progeny. In contrast to this, among
Just as for the vNE NBs (Bossing et al., 1996), the medio- the vNE NBs only one NB (NB 1-1A and NB 2-2T, respec-
lateral position of the dNE NBs in the neural layer is tively) gives rise to glial cells (Bossing et al., 1996). There-
strongly correlated with the previous dorsoventral position fore, it is possible that the de®nition of a dorsalmost NB
of the progenitor in the neuroectoderm. Also, the dorsoven- fate includes the speci®cation as neuroglioblast or glioblast.
tral and anterior±posterior location of the clone in the late Interestingly, upon heterotopic ventral transplantation dNE
embryonic neuromere again correlates with the previous cells switch to a ventral fate, giving rise to vNE NB-speci®c
position in the neural layer of the NB concerned. However, cell lineages. In contrast, upon heterotopic transplantation
in addition to the previously reported deviations in the lat- in the opposite direction, vNE NBs migrate back to ventral
ter relationship (Bossing et al., 1996), other examples exist. positions, producing lineages consistent with their origin,
Due to the above-mentioned lateromedial migration of the i.e., with ventral characteristics. This indicates the exis-
longitudinal glia at the beginning of stage 12 (see also Jacobs tence of a ventralizing signal to which both vNE and dNE
et al. (1989)), in late embryos, the IG is located dorsal to the NBs are able to respond (Udolph et al., 1995). Therefore, it
longitudinal tracts, i.e., in the medial part of the neuromere, might be that the absence or the repression of this signal
while the GP is a lateral NB. Also, the SPGs, CGs, and the de®nes the dorsal fate and subsequently, the existence of
MM-CBG are always located at some distance from the glial cells in the lineage. However, in this scenario the ex-
other cells of the clone. In contrast to this, the strong posi- ceptions, like the NB 1-1 or 3-5 lineages, remain to be ex-
tional correlation holds for most neurons, even in mixed plained.
neuronal and glial lineages. Thus, there is a general spatial
Segmental Differencesrelationship between the NB and its progeny, but due to
cell migration, most glial cells (e.g., IG, SPG, CG) and some As opposed to the situation in grasshopper embryos (Bate,
1976; Doe and Goodman, 1985), in Drosophila there are noneurons (e.g., ``2-5Ic1,'' aCC, pCC, RP2) are exceptions.
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FIG. 5. Photographs (A, B) and drawings (C) of late embryonic cell lineages derived from S4 and S5 NBs and clone y, in a dorsal view.
Anterior is to the left. For nomenclature of neurons and glial cells see Tables 1 and 2. For color code in (C) see legend to Fig. 3. NB 2-4T.
The thoracic lineage is composed of 8 to 12 neurons in the dorsal cortex, projecting ipsilaterally and contralaterally across the anterior
commissure. The contralateral ®bers belong to motoneurons (2-4M1; 2-4M2) and exit the nerve cord through the anterior root of the
intersegmental nerve (compare with Ai)). Endplates have not been detected. NB 2-4A. The abdominal lineage consists of 7 to 8 neurons
in the dorsal cortex. 2 to 3 of them have been shifted medially in all cases. The projections extend ipsilaterally and contralaterally across
the anterior commissure to exit the ventral ganglion through the anterior root of the intersegmental nerve. Endplates have not been
detected. NB 3-3. The clone consists of 10 to 13 interneurons in the ventrolateral cortex, projecting ipsilaterally and contralaterally across
the anterior commissure. The lineage includes the lateral cluster of even-skipped expressing neurons (EL, blue color in 5C). Although the
number of cells in thoracic and abdominal clones is equal, the EL cluster is smaller in thoracic segments (approx. 5 cells) than in abdominal
ones (approx. 9 cells). (Ai) Confocal image (dorsal view) of the NB 2-4 lineage in stage 17 embryos of eagle-GAL4/UAS-tau-GFP ¯ies (green;
white arrows). The contralaterally extending motoprojection and the two medially shifted cell bodies are clearly visible. Red, anti-even-
skipped (anti-eve) antibody staining. The lineage does not contain the lateral cluster of eve expressing neurons (EL). (Aii) A more ventral
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obvious differences in the array of thoracic and abdominal verse nerve on either side which is completely covered by
the dorsomedian (DM) cells (Gorczyca et al., 1994). Elec-NBs. Nevertheless, for three lineages derived from vNE
NBs, segmental differences have been previously reported tronmicroscopic pictures of transverse nerve cross sections
show four axons being ensheathed by the DM-cells (R. Can-(NBs 1-1, 2-2, and 3-1; Udolph et al., 1993; Bossing et al.,
1996). As far as morphological criteria are concerned, differ- tera, personal communication). Interestingly, despite this
glia-like feature, the DM-cells are mesodermal derivativesences between thoracic and abdominal lineages were ob-
served in four more cases (NBs 2-4, 5-4, 5-6, and 6-4; see (Beer et al., 1987; LuÈ er et al., 1997).
The contralateral projection pattern generally correlatesTable 5). Moreover, for the lineage of NB 3-3 there are seg-
mental differences in the eve expression pattern, although with the anterior±posterior position of the lineage in the
neuromere, i.e., clones in the anterior part of the neuromerethe number of neurons is equal in abdominal and thoracic
NB 3-3 lineages (see above). project across the anterior commissure (AC), while lineages
in the posterior part extend their ®bers across the posteriorFor NB 1-1, it has been shown that its tagma speci®city
is already determined in the neuroectoderm via the activity commissure (PC). This is consistent with the results ob-
tained for the vNE NBs (Bossing et al., 1996). The lineageof homeotic genes (Ubx and abd-A; Prokop and Technau,
1994). Further segmental differences in the CNS have been derived from NB 5-6 has projections extending across both
commissures. Besides ®bers in its own segment, clone yreported for postembryonic stages (Truman and Bate, 1988;
Prokop and Technau, 1991). Again these differences are de- even has extensions in the AC of the segment following
posteriorly.termined in the early gastrula neuroectoderm (Prokop, Bray
and Technau, unpublished data). Therefore, it is likely that
the segmental differences within the dNE NB lineages could
Apoptosisbe determined as early as those of the vNE NBs (in the early
gastrula). Apoptosis or programmed cell death (PCD) is a conserved
process among species (e.g., reviewed in Vaux et al. (1994)).
The degree of PCD during Drosophila CNS developmentProjection Patterns
has been estimated at 50% (White et al., 1994). However,
we observed cell death only within the lineage of NB 4-4.Along with the lineages derived from vNE NBs (Bossing
et al., 1996), only four clones do not contain contralaterally In the majority of cases, one to two cells with morphological
abnormalities have been found slightly lateral to the rest ofprojecting interneurons (NBs 1-1, 5-4, 4-3; MP2) in the late
embryo. Moreover, compared with the ipsilateral interneur- the clone, suggesting that these were dying cells. Being the
only case observed, it is unlikely that this is due to theonal projections, the contralateral ones are generally more
prominent. In contrast to this, most motoneuronal projec- experimental procedure, but probably to PCD. Also, for the
lineages of NBs 3-1, 5-3, 6-2, and 7-3, apoptotic cells havetions remain ipsilateral. In total, only 5 (NBs 1-3, 2-4, 3-1, 5-
2, and clone y) of 14 lineages with motoneuronal projections been reported (Bossing et al., 1996). The low frequency of
probable PCD observations in the course of our cell lineagehave contralaterally running motoneuronal ®bers. Clone y
(Fig. 5C) is the only case in which both an ipsilateral and a analysis is likely to be due to the short time window shown
by our preparations. In vivo observations were usuallycontralateral motoneuronal projection have been observed.
The projection bifurcates and extends through the trans- stopped at late stage 11 and subsequently, the embryos were
plane of focus of the same preparation shows that the lineage which has been assigned to NB 3-3 and which expresses eagle (green; white
arrow heads) contains the EL (yellow/red). NB 4-3. The CNS subclone is composed of 8 to 13 neurons, extending from the ventrolateral
to the dorsolateral cortex. The only projection is a motoprojection, leaving the nerve cord through the segmental nerve. Endplates have
not been detected. In addition to an epidermal subclone, in many cases a sensory one is also observed (PNS). In (C) orange color marks a
sensory neuron and its ®ber projection; white cells comprise other cells of the sensory organ and epidermal cells of the lineage. NB 4-4.
The lineage consists of 8 to 11 cells in the ventral and ventrolateral CNS cortex. The projections extend contralaterally across the anterior
commissure. In addition to an epidermal subclone (not shown), in many cases a sensory one (PNS) is also observed (orange in C). (Ci)
Assumed proliferation pattern of neuroectodermal progenitors (NE) of NBs 4-3 and 4-4. In addition to the NB the NE produces a sensory
organ precursor (SOP) and an epidermoblast (EB), which give rise to subclones in the CNS, PNS, and epidermis (Epid.), respectively. NB
5-4T. The thoracic clone is composed of 5 to 9 neurons in the dorsolateral cortex. The only projection is motoneuronal, exiting the ventral
ganglion through the segmental nerve. In all cases 1 of the neurons is shifted medially (5-4M1). Endplate-like structures have been detected
in the region of muscles LT4 and DT1. NB 5-4A. The abdominal lineage resembles the thoracic one, but contains only 3 to 4 neurons.
Clone y. The lineage is not assigned to a particular NB. It contains 6 to 9 neurons in the dorsolateral cortex. A motoneuronal projection
leaves the CNS at the dorsal midline of the neuromere following posteriorly and projects to the mesodermal dorsomedian (DM) cells (in
C outlined in light orange), where it bifurcates. Enwrapped by the DM-cell processes it extends on both sides through the transverse nerve
to the segment border muscle (SBM) or the VT1. Interneuronal projections extend ipsilaterally and contralaterally across the posterior
commissure. Another branch bifurcates from the motoneuronal projection within the anterior commissure of the segment following
posteriorly and turns anteriorly to contact the dorsoventral channel.
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supplying antibodies. This work was supported by a grant from theprepared at stage 17. In contrast, PCD begins later than
Deutsche Forschungsgemeinschaft to G.M.T. (Te 130/7-2).stage 12 and the remnants of the apoptotic cells have been
reported to be removed by macrophages (White et al., 1994),
making it unlikely for us to detect them.
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